Several new families of expanding mandrel type of temporary (slave) fastener are in production and/or undergoing qualification tests. These fasteners are characterized by a collapsible mandrel that expands when needed over a center spindle. These fasteners are blind (installed and removed from one side only), and they provide locating (dowel) capabilities. This paper illustrates how these new fasteners work and how they are designed. Results of some testing of nominal ¼", flush head fasteners in carbon-fiber reinforced plastic are shown. Design criteria include the temporary fasteners clamping ability, acceptable contact stresses, cyclic fatigue life, and strength.
INTRODUCTION
The design of single-sided (blind), temporary (slave) fasteners (SSSF) has evolved, resulting in more potential use in aerospace manufacturing. SSSF are
• installed • clamped • loosened • and removed from the same side of the structure. See Figure 1 below. SSSF are characterized by a collapsible mandrel that expands when drawn over screw thread and/or bushings. These fasteners are "blind" installed and removed (from the head side only) with wrenches or other simple torque tools. As shown in Figure 2 below, SSSF provide locating (dowel) capabilities. The newer SSSF discussed in this paper have the ability to closely locate (dowel) stacks of parts and clamp them together with larger forces than other temporary fasteners. Some examples of SSSF are shown in Figure  3 , 4,and 5 below. 
SSSF USE, DESIGN, AND TESTING
ASSEMBLY PROCESSES WITH SSSF -The capabilities of SSSF enable a variety of improved manufacturing processes. This is particularly true for situations allowing access from only one side of the assembly (blind assembly) and areas that need high clamping load during assembly. Benefits of using SSSF include the following:
• SSSF align (dowel) close tolerance parts.
• High clamp loads stabilize the assembly.
• High clamp loads do not damage the structure.
• Need to access only a single side of the assembly.
• Better accuracy maintains location of components during other assembly processes.
• High clamp loads reduce interlaminate burr.
• Repeatedly locates without a supporting jig. In this determinant example, secondary drilling is required; the high clamp load and alignment of the SSSF provides a stable stack for drilling. The example of Figure 11 requires more than 100, Cleco-type, temporary fasteners to provide sufficient clamping force and hole alignment. First, a cad model of the collet body was created in the "machined" condition. A "deform" feature was used in the cad program to simulate the formed shape of the collet body with the fingers being closed. In reality, the fingers are held in this position during heat treatment. Figure 18 . Fingers deformed as after heat treat.
With the basic collet body created, it was just a matter of creating a few more components and sectioning for symmetry. In the figure below, the hole is represented by a yellow cylinder, and all bodies are sectioned into quadrants along symmetry planes. In other words, at time=0 seconds, the model resided in its neutral state as shown above. As time progressed, forced displacements and loads are progressively applied until maximum values are reached at time=0.5 seconds. After which the impetus of the loads and forced deflections are reversed and progressively diminish to a value of 0 at time=1.0 seconds. This also allows the staging of loads and deflections. For instance, the bushing can be put into motion until it reaches it appropriate position while the loads remain 0. Once in position, the bushing stays in position while the loads are cycled from 0 to max to 0 again. After a full cycle of loading, the bushing is then again put into motion so that it returns to its original position thus leaving the model in a completely cycled state -making all residual measurement possible. In addition, a full material curve -plastic and elastic -was used for the fingers. This allows strain hardening, redistribution of stresses and loads during yielding, and depicts the residual state of the material after a complete cycle. Also, all contacting geometry within the model elements are updated as a function of time. As boundary condition change due to deflections, so do the load paths and stresses. Lastly, all nodes are tracked as a function of time so that each node can be mined for any information associated with the analysis.
Prior to reviewing the analysis, it is important to examine the geometry of a curved beam with transitional radii, and being bent at said radii.
As shown below, the base of the beam is depicted in Section A. Section planes B and C are progressively farther away from the base of the beam. As shown in Figure 21 , the cross-sectional areas progressively diminish with increasing distance from base Section A. This continues until Section C -after which the cross section remains constant. Also notice that the extreme fiber distances from the neutral axis follow a similar pattern -highest values in section Section A, and lowest in Section C. In use, the SSSF's fingers are subjected to combined loading. Bending stresses are incurred during installation when the fingers are pulled over the center spindle, forcing the fingers from a closed position to an open position -effectively bending the fingers open. More tensile stress is incurred when the SSSF is torqued to create clamping forces (clamp-up). As such, tensile stresses from bending accumulate with the tensile stresses from axial loading, and subtract on the compressive side of the beam.
As with all cantilevered beams in bending, the greatest moment occurs at the base of the beam from which it is fixed. In this case, Section plane A represents the greatest moment. It also has the greatest extreme fiber distance, and the largest centroidal moment of inertia. Section A-A also has the largest area thus having the least tensile stresses from the axial loading component. As mentioned above, these ratios change progressively as the distance from Section plane A increases. In this case, it is ideal to use FEA analysis to study the effects of so many convergent factors.
To examine the performance of the finger, three models where compared and contrasted. In this analysis, at time=0 seconds, the model resided in its neutral state as shown above. At time=0.5 seconds, the bushing has been fully positioned so that the finger is flexed open. At time=1.0 seconds, the bushing has fully retracted to its starting position. The results below show the stress state when the fingers are fully opened. This is half way through the analysis. In this analysis, the results predictably show high tensile stresses at the lower corner, and high compressive stresses at the top of the curved beam. In this analysis cycle, at time=0 seconds, the model resided in its neutral state as shown above. At time=0.25 seconds, the bushing has been fully positioned so that the finger is flexed open. At time=0.26 seconds, the load is activated, and reaches its maximum value at time=0.5 seconds, and diminishes to a value of 0 at time=0.74 seconds. At time=0.75 seconds, the bushing begins to return to its original position and continues to do so until time=1.0 seconds at which the bushing has fully retracted to its starting position.
Figures 26 -28 below shows the stress state when the fingers are fully opened, and an equivalent load of 1000 lbf (4448 N) is applied as of the fastener in clamping. This is half way through the analysis cycle. The figures depict the accumulation of the stresses from the clamping force and the stresses generated from opening the legs. Notice that the stresses are around the yield point for the material. Figure 28. Volume of material that has exceeded yield levels. Figure 29 shows the stress state after a complete cycle of fingers being opened, loaded, then unloaded, and allowed to close without any applied loads. This is at the end of the analysis, and is intended to show the residual stress state. Some minor residual stresses are present as the material did undergo yielding in small segment of material at the outer fringes of the curved beam. Even at this level of residual deformation, the tool is still highly functional, and can be seen in the testing section. As these analyses depict, the flexing fingers are capable of opening from an "installation" position, transferring a large clamp force, and then closing again prior to removal. As for a cycle analysis, actual testing will be relied upon in order to reach a conclusion. From a classical fatigue analysis approach, yield stresses should never be reached if any kind of fatigue life is to be assumed. Ideally, for infinite life in steels, less than %50 percent of the yield stresses should be the maximum design limit (depending on stress concentration, surface finish, etc.). However, as the following section will show, testing reveals that the flexing fingers do not fail in the areas of the transitioning radii.
VALIDATION OF FEA ANALYSIS -The above models and below testing is performed on a typical Ø 1/4 inch SSSF design -one requested by commercial aircraft production.
The airframe manufacturer needed a fastener that would provide doweling and high clamp load without pulling though the aluminum skin.
The following photographs show the SSSF installed between plates through a ring-type load cell.
The following testing was performed on the same Ø 1/4 inch SSF design as shown in the FEA analysis. The aim is to ascertain the correlation between analysis and actual performance of the SSSF. Figure 40. The tool is reverse torqued until it returns to its neutral state. Notice that the fingers are now slightly separated at the tip. This suggests than residual deformation has taken place, just as the FEA analysis predicted. The distance across the bulges on the fingers measured 0.233 inches before the test, and measured 0.237 inches after the test. This is a change of .004 inches total, or .002 inches per side. The FEA model predicted 0.0025 inches per side. Some error is attributed to the difficulty of measuring flexible fingers that easily move -especially now that they are slightly separated. It is worth noting that the tool still easily exited the 1/4 inch hole in the structure, and was easily re-inserted back into the stack. As a practical matter, SSSF are designed so the fingers in their natural state have plenty of clearance with respect to the hole. Results of the clamp load versus torque testing is shown in Figure 44 . 
CONCLUSIONS
Newer design single-sided slave fasteners (SSSF) have unique features that enable simpler aerospace manufacturing, including alignment (doweling), singleside insertion, and high clamping loads.
Key to the design of SSSF is the collapsing legs. These legs are curved metal beams. Finite element analysis correlates closely with the stress and deflections seen by actual SSSF design.
Testing of the torque, clamp-up force, fatigue testing, and ultimate load of SSSF design allows their use with appropriate safety factors. Close-up photographs reveal no significant damage by the tail-side of SSSF pulling on CFRP material.
